I. INTRODUCTION
In this review, we summarize the role of the hypoxia-inducible factors HIF-1 and HIF-2 in modulating gene transcription as a function of O 2 availability. Due to space limitations, this work cannot encompass the entire body of exponentially increasing data regarding the important role of oxygen homeostasis in development, physiology, and disease. Here we describe several physiological (adaptive) and pathophysiological (maladaptive) cellular and systemic responses to changes in O 2 availability, with a particular focus on the circulatory and respiratory systems. However, as with any problem in physiology, we must start by defining the stimulus and response.
A. The Stimulus: What Is Hypoxia?
We will define hypoxia as a reduction in O 2 availability in one state or condition compared with another; as such, it is a highly relative term. Most commonly, it is used to compare different spatial or temporal conditions. Hypoxia may 1) be restricted to certain cells within a tissue, 2) be restricted to certain tissue within a specific organ, or 3) involve the entire organism. For example, 1) within the lobular architecture of the liver of a healthy human or other mammal, hepatocytes surrounding the central vein are ex-posed to lower oxygen concentrations than those surrounding the portal triad; 2) when the left coronary artery is occluded, cardiac tissue that is normally perfused by this artery rapidly becomes hypoxic; and 3) severe blood loss results in systemic hypoxia due to reduced O 2 -carrying capacity.
The duration of hypoxia can be acute (ranging from fractions of a second to minutes) or chronic (hours to days). At the molecular level, acute hypoxia induces rapid but shortlived responses that are often due to the modification of existing proteins, whereas chronic hypoxia induces delayed but durable responses that require changes in mRNA and protein expression.
Hypoxia can be continuous or intermittent; in the latter case, oxygen concentrations alternate between low and baseline levels. Repeated episodes of hypoxia and reoxygenation appear to trigger the unique pathophysiology that is associated with intermittent hypoxia (IH) compared with continuous hypoxia (265) . For example, exposure to chronic continuous hypoxia results in the development of pulmonary hypertension, whereas exposure to chronic IH results in the development of systemic hypertension.
Hypoxia is often contrasted with "normoxia," a term that refers to the "normal" O 2 concentration. There is danger inherent in the use of the term normoxia to describe the standard conditions for culturing cells ex vivo, i.e., 95% air and 5% CO 2 . Air is 21% O 2 (corresponding to a PO 2 of 147 mmHg at sea level) and 95% air therefore represents 20% O 2 (140 mmHg), which is a higher concentration than that experienced by virtually any cell in the human body. The PO 2 in arterial and venous blood is ϳ100 mmHg (ϳ14% O 2 ) and 40 mmHg (ϳ6% O 2 ), respectively. There is tremendous variation in PO 2 both within and between organs. For example, microelectrode measurements of PO 2 in mouse spleen ranged from 4 to 34 mmHg (37) . Thus what is considered "normal" in tissue culture experiments is decidedly not normal in vivo. Exposure of cells to nonphysiological O 2 concentrations (i.e., 20% O 2 ) results in alterations in signal transduction pathways that may change the phenotype of the cells and their responses to other stimuli (81, 284) . Referring to cells cultured at 20% O 2 as nonhypoxic is a much more appropriate designation.
In tissue culture, hypoxia is clearly a relative term. HT22 cells, which are derived from cortical neurons that are exposed normally to ϳ5% O 2 (ϳ35 mmHg) in vivo, are typically cultured ex vivo in the presence of 20% O 2 (140 mmHg) . When these cells are shifted from 20% to 5% O 2 , they signal hypoxia by activating HIF-1; remarkably, if the cells are cultured for several weeks at 30% O 2 (210 mmHg) and then shifted to 20% O 2 , they also signal hypoxia (154) . Thus cultured cells have remarkable plasticity in establishing a "normoxic" set point.
It should be noted that hypoxia often occurs in vivo in the context of ischemia, which refers to a state of inadequate tissue perfusion. However, in addition to reduced O 2 availability (i.e., hypoxia), ischemic tissue is also characterized by reduced energy substrates and increased tissue metabolites, including CO 2 , H ϩ , K ϩ , and lactate among others. Remarkably, the physiological response to hypoxia is sufficient to increase perfusion, thereby correcting many, if not all, of the metabolic abnormalities associated with ischemia.
Finally, many investigators who use chemical compounds (such as iron chelators and ␣-ketoglutarate antagonists) to induce HIF activity regrettably refer to such agents and the resulting condition of the cells as "hypoxia mimetics" and "chemical hypoxia," respectively. These are inappropriate designations, since these agents do not reduce O 2 availability nor do they induce the complete range of physiological changes that occur with hypoxia. As with use of the term normoxia in reference to cultured cells, these are inaccurate terms that should be purged from the scientific lexicon.
B. The Response: Adaptive, Failed, or Maladaptive?
Hypoxia is a fundamental physiological stimulus that evokes adaptive (homeostatic) responses. Perhaps one of the most important examples of a homeostatic response to hypoxia (from the point of view of evolutionary selection) is the erythropoietic response to hemorrhage. Blood loss leads to systemic hypoxia, due to reduced O 2 -carrying capacity; in response, increased erythropoiesis restores blood O 2 -carrying capacity, thereby correcting the hypoxia. Ascent to high altitude results in the same physiological stimulus (systemic hypoxia) but due to a different underlying cause (reduced atmospheric O 2 ). At very high altitude (Ͼ3,000 m), erythropoiesis represents a failed response because markedly increased erythroid mass leads to increased blood viscosity, which impairs capillary blood flow, thereby negating any increase in O 2 delivery that might be afforded by higher hemoglobin levels. In the case of ischemia, an important physiological response to local tissue hypoxia is angiogenesis, the sprouting of new capillaries from existing vessels. However, vascular adaptation to ischemia is impaired by aging and diabetes, and this failed response plays a critical role in the pathogenesis of coronary and peripheral arterial diseases.
In contrast to the aforementioned examples of continuous hypoxia, it can be argued that intermittent hypoxia almost always represents a pathological stimulus that evokes maladaptive responses. Natural selection against these responses has not occurred due to the recent origin (in evolutionary terms) of the underlying pathology, which is, most commonly, obesity-related transient upper airway obstruction during sleep.
II. HYPOXIA-INDUCIBLE FACTORS: MASTER REGULATORS OF OXYGEN HOMEOSTASIS
The most well-characterized response to hypoxia is the transcriptional regulation of gene expression that is mediated by HIF-1 and HIF-2. Other transcription factors have been implicated in the transcription of certain genes within particular cell types under hypoxic conditions (for illustrative examples, see TABLE 1), although in most cases the underlying mechanisms are not well delineated and the actual inducing stimulus may not be hypoxia, but rather one of its sequelae. In contrast, HIF-1 functions as a global master regulator that is induced by hypoxia in all nucleated cells within every metazoan species that has been analyzed, whereas HIF-2 is found only in vertebrate species, and although it is expressed in many tissues during embryonic development, it has a more restricted pattern of expression in cells of the adult (87, 109, 352) . Furthermore, the molecular mechanisms by which changes in O 2 concentration are transduced to the nucleus as changes in the activity of HIF-1 have been determined in remarkable detail. Hence, HIFs serve as the paradigm for understanding the molecular physiology of oxygen homeostasis.
A. Erythropoietin Expression and the Discovery of HIF-1
Erythropoietin (EPO) is the glycoprotein hormone that regulates mammalian erythrocyte production and, as a result, tissue O 2 delivery (138) . EPO mRNA levels were found to increase several hundredfold in liver and kidney tissue of rodents exposed to reduced atmospheric O 2 concentrations (75, 290, 291) or anemia (16, 21, 168) . Human EPO mRNA levels showed similar increases in liver and kidney of mice transgenic for the human EPO gene (167, 297, 299, 302) . Hypoxia also induced EPO mRNA expression in Hep3B human hepatoma cells (99, 101) , which indicated that the same cell type can sense hypoxia and respond by increasing EPO mRNA levels. The 50-fold increase in steady-state EPO mRNA in hypoxic Hep3B cells required new protein synthesis and was accounted for by an ϳ10-fold increase in the rate of transcription, with the remaining increase due to posttranscriptional mechanisms (99, 100) . Nuclear extracts prepared from hypoxic Hep3B cells supported a higher level of EPO gene transcription in vitro than extracts from nonhypoxic cells (57) .
Investigation of the cis-acting DNA sequences required for increased gene transcription in response to hypoxia revealed the presence of a hypoxia response element (HRE) in the 3=-flanking region of the human and mouse genes encoding EPO (12, 270, 300) . Presence of the HRE in cis resulted in transactivation of a heterologous reporter gene under hypoxic conditions (1% O 2 , 7 mmHg). The HRE in the human EPO gene was localized to a 33-bp DNA sequence, and an electrophoretic mobility-shift assay (EMSA), using an oligonucleotide probe consisting of the first 18 bp of the HRE (5=-GCCCTACGTGCTGTCTCA-3=), identified a nuclear factor that was present in cells incubated at 1% O 2 but absent in cells incubated at 20% O 2 (140 mmHg) and was therefore designated HIF-1 (303) . A 3-bp mutation in the EMSA probe (CGT to AAA) disrupted the binding of HIF-1 and eliminated hypoxia-inducible transcription mediated by the HRE (303) . The same experimental approach was used to identify HIF-1 binding sites in the genes encoding vascular endothelial growth factor (VEGF) and the glycolytic enzyme enolase 1, which contained the core sequence 5=-ACGTG-3= or 5=-GCGTG-3= and CGT to AAA substitutions resulted in loss of HIF-1 binding and HRE function (90, 298) . Subsequently, this same paradigm has been applied to the characterization of dozens of additional hypoxia-inducible genes over the last 15 years.
B. HIF Structure and Function

HIF-1
The HIF-1 protein was purified from 100 liters of HeLa cells grown in suspension culture by DNA affinity chromatography based on its ability to bind to the wild type (WT) but not to the mutant EMSA oligonucleotide; the purified protein consisted of two subunits, which were designated HIF-1␣ and HIF-1␤ (344) . Based on tryptic peptide sequence data, degenerate oligonucleotides were designed to screen a Hep3B cDNA library and isolate cDNA clones encoding HIF-1␣ and HIF-1␤ (343) . The cDNA sequences revealed that HIF-1␣ was a novel 826-amino acid protein, whereas HIF-1␤ was identical to the 789-amino acid aryl hydrocarbon receptor (AHR) nuclear translocator (ARNT) protein, which was known to heterodimerize with AHR in the presence of aryl hydrocarbons such as dioxin (116) . Thus, whereas ARNT/HIF-1␤ is a subunit that is common to several heterodimeric transcription factors, HIF-1␣ is the unique and defining subunit of HIF-1.
The NH 2 -terminal half of HIF-1␣ and HIF-1␤ consists of bHLH (basic helix-loop-helix) and PAS (Per-ARNT-Sim homology) domains (FIGURE 1) that are required for heterodimerization and DNA binding (142) . The COOH-terminal half of HIF-1␣ (residues 531-826) contains two transactivation domains (TADs), which are designated TAD-N (amino acid residues 531-575) and TAD-C (resi- dues 786 -826) separated by an inhibitory domain (residues 576 -785) (FIGURE 1). Fusion proteins consisting of the DNA binding domain of the yeast Gal4 transcription factor fused to the entire COOH-terminal half of HIF-1␣, TAD-N, or TAD-C mediated hypoxia-inducible transcription of a reporter gene containing Gal4 binding sites (144, 269) .
Analysis of HIF-1␣ and HIF-1␤ protein levels in HeLa cells revealed that HIF-1␣ levels increased dramatically at O 2 concentrations below 6% (42 mmHg), with half-maximal induction at ϳ1.5% (10.5 mmHg) and maximal induction at 0.5% (3.5 mmHg) and rapid decay upon reoxygenation to 20% O 2 (140 mmHg) with a half-life of Ͻ5 min (143, 344) . The short half-life of HIF-1␣ under nonhypoxic and posthypoxic conditions is due to rapid ubiquitination and proteasomal degradation (125, 149, 285) . HIF-1␣ residues 400 -600 were required for this effect (125) , and this region was designated the oxygen-dependent degradation domain (ODDD; FIGURE 1). Analysis of nuclear extracts revealed modestly increased levels of HIF-1␤ under hypoxic conditions (143, 344) , whereas analysis of whole cell lysates did not, because the presence of HIF-1␣ increases the retention of HIF-1␤ in the nuclei of hypoxic cells (48) . HIF-1-dependent gene transcription was induced by forced expression of HIF-1␣ but not HIF-1␤, demonstrating that HIF-1␣ levels were limiting (142, 298) .
Alternative splicing of HIF-1 primary RNA transcripts
HIF-1␣ is encoded by the HIF1A gene (Unigene accession no. Hs.597216), which was mapped to the long arm of human chromosome 14 (301) . Comparison of the original cDNA sequence (GenBank accession no. U22431) encoding the 826-amino acid HIF-1␣ polypeptide described above (343) with the genomic DNA sequence revealed that the mature mRNA was encoded by 15 exons (136) . Subsequently, alternative mRNA isoforms were identified in which exon 10, 11, 12, or 14 was spliced out of the variant mRNA, resulting in shorter HIF-1␣ polypeptides (FIGURE 2A) with altered biological properties (50 -52, 102, 186) . The involvement of these variant polypeptides in physiological and pathological responses to hypoxia has not been well studied to date.
In addition to the promoter that is utilized in all tissues to transcribe the primary RNA from which the HIF-1␣ isoforms described above (which differ at their COOH terminus; FIGURE 2A) are generated by alternative splicing, there are two alternative promoters, located in intron 1 of the HIF1A gene, that are utilized in a tissue-specific manner to generate isoforms of HIF-1␣ that differ from the ubiquitous isoform at their NH 2 terminus (FIGURE 2B). Utilization of Exon 1.1 generates the ubiquitous isoform, whereas utilization of Exon 1.3 in activated T lymphocytes generates a variant isoform in which the NH 2 -terminal residues prior to the bHLH domain are different from those encoded by Exon 1.1 (204) . In HIF-1␣ (Ex1.3) the first 12 amino acids of HIF-1␣ (Ex1.1) are replaced by a novel 36-amino acid sequence. Remarkably, HIF-1␣ (Ex1.3) represses transcription of an HRE-dependent reporter gene (204) , suggesting that HIF-1␣ (Ex1.3) competes with HIF-1␣ (Ex1.1) for dimerization with HIF-1␤, but the resulting heterodimers may be incapable of binding to DNA due to the different residues immediate NH 2 -terminal to the basic domain that binds DNA. Genetic deletion of the T-cell-specific isoform in mice results in enhanced T-cell function (203) , suggesting that the expression of HIF-1␣ (Ex1.3) is an important feedback mechanism to downregulate T-cell activation. In testis, Exon 1.2 is utilized and results in a protein that lacks the bHLH domain and may therefore inhibit HIF-1 activity, although its localization to the flagellum of spermatozoa (214) suggests that it is functioning as a structural protein.
Alternative splicing of the primary mRNA transcribed from the ARNT gene results in isoforms of 774 and 789 amino acid residues (116) . Both isoforms are capable of dimerizing with HIF-1␣ and forming transcriptionally active heterodimers. Physiologically distinct roles for these isoforms have not been identified.
HIF-2␣
Database searches for nucleotide sequences similar to those of HIF-1␣ cDNA resulted in the identification of a protein that was originally designated endothelial PAS domain protein 1 (EPAS1) (331), HIF-1␣-like factor (HLF) (79), HIF-1␣-related factor (HRF) (87), and member of PAS domain family 1 (MOP1) (117) but is now designated HIF-2␣. HIF-1␣ and HIF-2␣ are the products of distinct genetic loci [HIF1A and EPAS1 (Unigene accession no. Hs.468410), respectively], and they share 48% amino acid identity overall with much higher identity in the bHLH (85%), PAS-A (68%), and PAS-B (73%) subdomains (331) . HIF-2␣ can heterodimerize with HIF-1␤, and the resulting transcription factor (HIF-2) can activate the expression of a reporter gene containing an HRE.
HIF-1␣ is expressed in all mammalian tissues and cell types analyzed (348, 351, 369) . In contrast, HIF-2␣ expression is restricted to specific cell types, including developing blood vessels and lung (79, 87, 117, 331) . Exposure of rats to hypoxia induces HIF-2␣ expression in distinct cell populations in brain, heart, intestine, kidney, liver, and pancreas (352 (78, 232) . In mouse embryo fibroblasts (MEFs), HIF-2␣ is sequestered in the cytoplasm and does not contribute to hypoxia-induced gene transcription (251) . Interaction of HIF-2␣ with the ETS family transcription factor ELK-1 may be required for HIF-2-dependent transactivation of some target genes in some cell types (2, 122) . HIF-2␣ appears to play a particularly important role in the regulation of EPO gene expression and erythropoiesis as evidenced by loss-of-function mutation in mice (104) and gain-of-function mutation in humans (259).
HIF-3␣
Database searches also revealed another HIF-1␣ paralog, originally called IPAS, which is now designated HIF-3␣ (208, 209) . The HIF3A gene (Unigene accession no. Hs.420830) contains three alternative promoters, and multiple mature mRNAs are generated by utilization of different transcription initiation sites as well as alternative splicing of downstream exons (220) . Some of the isoforms may dimerize with HIF-1␤, whereas others appear to bind to HIF-1␣. In both cases, the isoforms appear to inhibit HIF-1 transcriptional activity. HIF3A gene expression is induced by HIF-1 in hypoxic cells, suggesting that this may be a negative-feedback mechanism to attenuate HIF-1 activity during prolonged hypoxia (210, 211) . HIF-3␣ may contribute to maintenance of the avascular state of the cornea by blocking the HIF-1-dependent expression of angiogenic growth factors (208) .
C. Effect of Continuous Hypoxia on HIF Activity
Regulation of HIF-␣ protein stability by prolyl hydroxylation
In well-oxygenated cells, HIF-␣ subunits (i.e., HIF-1␣ and HIF-2␣) are bound by the von Hippel-Lindau protein (VHL), which recruits an E3-ubiquitin protein ligase consisting of Elongin 2, Elongin 3, Cullin 2, and RBX1 that is capable of functioning with E1-ubiquitin-activating and E2-ubiquitin-conjugating enzymes to mediate the ubiquitination of HIF-␣ (150, 219) . Binding of VHL is conditional, based on the hydroxylation of proline-564 (in human HIF-1␣) in well-oxygenated cells (134, 137, 371) . Three prolyl-4-hydroxylase domain proteins (PHDs) that hydroxylate proline-564 in an O 2 -dependent manner were identified in mammalian cells (28, 80, 133 (49, 80, 108, 115, 225) and/or by an increase in mitochondrial production of reactive oxygen species (ROS) that may oxidize Fe(II) and inactivate the PHDs (29, 107, 212) . HIF-1␣ is also hydroxylated at proline 402 (216) , which requires prior hydroxylation of Pro564 (42) . Hydroxylation induces binding of VHL at each of these proline residues (FIGURE 3). These two sites of prolyl hydroxylation share the consensus sequence LeuXxxXxxLeuAlaPro (80) . Analogous proline residues are hydroxylated in HIF-2␣ (FIGURE 1) and are present within the same consensus sequence (216).
Regulation of HIF-␣ TAD function by asparaginyl hydroxylation
FIH-1 (factor inhibiting HIF-1) was identified in a yeast two-hybrid screen and shown to bind to amino acid residues 757-826 of HIF-1␣, leading to repression of HIF-1-dependent transcription (207) . Hydroxylation of Asn- 803 located in the TAD-C (FIGURE 3) blocks the binding of the coactivators p300 and CBP (181) . FIH-1 is the asparaginyl hydroxylase (180) . As in the case of the prolyl hydroxylases, FIH-1 utilizes O 2 and 2-oxoglutarate and contains Fe(II) in its catalytic center (60, 185, 224) . FIH-1 has a K m for O 2 (using HIF-1␣ peptides as substrates for in vitro hydroxylation) that is three times lower than the prolyl hydroxylases (161). FIH-1 also interacts with VHL (207) , which may stabilize its binding to HIF-1␣ under nonhypoxic conditions. Whereas the expression of most HIF-1 target genes is negatively regulated by FIH-1, there is a subset of genes (including BNIP3 and PGK1) whose expression is independent of FIH-1, suggesting that transactivation of these genes is dependent only on TAD-N (61). Although FIH-1 hydroxylates both HIF-1␣ and HIF-2␣, its activity for HIF-1␣ is significantly greater (24) . As a result, HIF-1 transcriptional activity is intrinsically more O 2 -labile.
Regulation of HIF-1␣ mRNA levels
HIF-1␣ mRNA levels increase dramatically in response to hypoxia or ischemia in brain, heart, kidney, lungs, and skeletal muscle (15, 23, 189, 351, 369) . It is not known whether the primary mechanism is increased mRNA transcription, decreased mRNA degradation, or both. In ischemic skeletal muscle, the induction of HIF-1␣ mRNA appears to be HIF-1␣ dependent (23) . One possibility is that HIF-1␣ mRNA stability is regulated by microRNAs (miRs), which bind to the 3=-untranslated region of mRNAs and either block their translation or induce their degradation. In cardiac myocytes subjected to hypoxia, levels of miR-199a decreased, which was required for the induction of HIF-1␣ protein levels (274); however, HIF-1␣ mRNA levels were not analyzed in this study so it is not clear whether miR199a regulated HIF-1␣ mRNA translation or stability.
In contrast to what is observed in vivo, HIF-1␣ mRNA levels are not induced by hypoxia in most tissue culture cell lines, which represents a major obstacle to understanding the regulatory mechanism that is active in vivo.
D. O 2 -Independent Regulation of HIF Activity
Signal transduction pathways involving protein phosphorylation
The first evidence that stimuli other than hypoxia could induce HIF-1 was the finding that overexpression of the v-Src oncoprotein increased HIF-1␣ protein, HIF-1 transcriptional activity, and expression of the HIF-1 target gene Eno1 in mouse 3T3 cells (141) . Human pulmonary artery smooth muscle cells (PASMCs) were the first nontransformed cell type found to express high levels of HIF-1␣ protein and HIF-1 DNA-binding activity under nonhypoxic conditions (369) . Acute exposure of cultured cells to growth factors, including epidermal growth factor (EGF), fibroblast growth factor 2, insulin, insulin-like growth factor (IGF)-I, and IGF-II, was shown to increase HIF-1␣ protein levels (83, 376). Dozens of cytokines and growth factors are now known to increase HIF-1␣ protein levels in a cell type-specific manner, which is dependent on expression of the cognate receptor and appropriate downstream signal transduction pathway components (FIGURE 4).
If physiological stimuli other than hypoxia can increase HIF-1␣ levels and HIF-1 activity, then it follows that high levels of HIF-1␣ may not be sufficient evidence to conclude that a given cell or tissue is hypoxic. More unequivocal evidence can be obtained by direct measurement of tissue PO 2 levels (31, 128, 250, 354, 382) or by pimonidazole staining of tissue sections (339) .
In human prostate cancer cells, constitutive expression of HIF-1␣ was found to require signal transduction via phosphatidylinositol-3-kinase (PI3K), AKT (protein kinase B),
The prolyl hydroxylase PHD2 binds to HIF-1␣ and catalyzes the hydroxylation of Pro-402 and/or Pro-564. OS-9 stabilizes PHD2-HIF-1␣ interaction and promotes hydroxylation. VHL binds to prolyl hydroxylated HIF-1␣ and recruits the ElonginC-ElonginB-CUL2-RBX1 E3-ubiquitin ligase. SSAT2 stabilizes HIF-1␣-VHLElonginC complex formation, thereby promoting ubiquitination. FIH-1 binds to HIF-1␣ and catalyzes the hydroxylation of Asn-803, which blocks the binding of the coactivators p300 and CBP to the TAD-C.
and the mammalian target of rapamycin (mTOR; also known as FKBP/rapamycin binding protein), a serine/threonine protein kinase that phosphorylates p70 ribosomal protein S6 kinase 1 (S6K1) and the eIF-4E binding protein 1 (4E-BP1), thereby stimulating protein synthesis (383) . Analysis of IGF-I-treated colon cancer cells and insulintreated retinal epithelial cells revealed that activation of PI3K was required to induce increased HIF-1␣ protein levels (92, 333) . When MCF-7 human breast cancer cells were treated with the EGF family member heregulin, PI3K/AKT signaling led to activation of mTOR, which stimulated the rapamycin-sensitive translation of HIF-1␣ mRNA into protein, and this effect was dependent on the presence of 5=-untranslated sequences in HIF-1␣ mRNA (184) .
Recent studies have revealed that association of mTOR with Raptor or Rictor defines two different mTOR-containing signaling complexes, which are designated mTORC1 and mTORC2, respectively (182) . In renal carcinoma cells, HIF-1␣ expression is dependent on both mTORC1 (which phosphorylates S6K1 and 4E-BP1) and mTORC2 (which phosphorylates AKT), whereas HIF-2␣ expression is dependent only on mTORC2 (332) . In some cell types, mTOR may also promote HIF-1␣ stabilization and/or TAD function, although the molecular mechanisms are not completely understood (127) .
In addition to acting through the PI3K/AKT/mTOR pathway, IGF-I-mediated HIF-1␣ expression also utilized the MAP kinase signal transduction pathway (92) . The MAP kinases ERK1 and ERK2 phosphorylate and activate the MAP kinase-interacting kinases MNK1 and MNK2, which directly phosphorylate eIF-4E (FIGURE 4), thereby promoting the formation of the eIF-4F complex that initiates translation (271) . Taken together, these results established the existence of extensive and important crosstalk between oxygen sensing and signal transduction pathways in mammalian cells.
Nitric oxide, prostaglandins, and metabolites
Small molecule messengers, such as nitric oxide (NO) and prostaglandin E 2 (93, 158) , as well as metabolites, such as lactate, fumarate, and succinate (131, 202, 296) , also increase the levels of HIF-1␣ protein under nonhypoxic conditions. Prostaglandin E 2 binds to G protein-coupled cell surface receptors that activate the PI3K and MAP kinase pathways (93) as described above. Several different mechanisms of action have been proposed for induction of HIF-1␣ by NO, including S-nitrosylation of HIF-1␣ protein (192, 248) , activation of the PI3K pathway (152, 286) , inhibition of prolyl hydroxylase activity (227) , and redistribution of intracellular O 2 due to inhibition of mitochondrial respiration (108) . Metabolite induction of HIF-1␣ results from inhibition of PHD2 activity (114, 131, 162, 201, 296) . The tricarboxylic acid (TCA) cycle intermediates fumarate and succinate are particularly interesting because they have been reported to inhibit PHD2 but not FIH-1 (114).
HSP90, RACK1, and calcineurin
Heat shock protein 90 (HSP90) is a molecular chaperone that protects client proteins from misfolding and degradation (349) . HIF-1␣ interacts with HSP90, which is required for the induction of HIF-1␣ in response to hypoxia (230) . The stability of HIF-1␣ appears to be dependent on its interaction either with HSP90 or HIF-1␤ (132) . Inhibitors of HSP90, such as geldanamycin and its derivative 17-allylaminogeldanamycin (17-AAG), have anti-cancer effects and have been shown to induce the ubiquitination and proteasomal degradation of HIF-1␣ (FIGURE 5) even in cells that lack VHL (130) . Binding of 17-AAG to HSP90 displaces it from the PAS-B subdomain of HIF-1␣, thereby allowing the protein RACK1 to bind to HIF-1␣, and recruit an Elongin C ubiquitin-ligase complex, which ubiquitinates HIF-1␣ (197) . This pathway is also modulated by calcineurin, a Ca 2ϩ -and calmodulin-dependent serine-threonine phosphatase (FIGURE 5). Elongin C and HIF-1␣ each bind to the same site on RACK1, and dimerization of RACK1 is required to recruit Elongin C to HIF-1␣; phosphorylation of RACK1 promotes its dimerization and dephosphorylation by calcineurin inhibits dimerization (198) . This pathway may be of clinical relevance because treatment of rats with the calcineurin inhibitor cyclosporine A blocks HIF-1 target gene expression and the development of hypoxic pulmonary hypertension (166), which is a HIF-dependent disorder (30, 370) , as described below in section VII.
HSP70 and CHIP
HIF-␣ subunits are stabilized under conditions of acute hypoxia. However, prolonged hypoxia leads to decay of HIF-1␣, but not HIF-2␣, protein levels by unknown mechanisms (118, 336) . HIF-1␣ was found to bind to both HSP70 and the COOH terminus of Hsc70-interacting protein (CHIP), which is an Hsp70-associated E3 ubiquitin ligase, resulting in the ubiquitination and proteasomal degradation of HIF-1␣ (FIGURE 6). Although HSP70 binds to HIF-2␣, CHIP does not, and as a result, HIF-2␣ is resistant to HSP70/CHIP-mediated degradation (206) . These results thus provide a molecular mechanism underlying the preferential stabilization of HIF-2␣ under conditions of prolonged hypoxia.
Hypoxia-associated factor
Hypoxia-associated factor (HAF) binds to HIF-1␣ and promotes its ubiquitination and proteasomal degradation, whereas HAF binding to a different site on HIF-2␣ promotes its transcriptional activity without affecting its stability, providing another mechanism for the switch from HIF-1 to HIF-2 activity under conditions of chronic hypoxia (160).
E. Molecular Mechanisms by Which HIFs Mediate Biological Effects
There are multiple mechanisms by which HIF-1␣ and HIF-2␣ mediate adaptive physiological responses to hypoxia. These fall into two groups: those that involve the formation of HIF-␣:HIF-1␤ heterodimers and those that are mediated by HIF-1␣ acting as a monomer. Biological effects that are mediated by the heterodimerization of HIF-1␤ (ARNT) with other bHLH-PAS proteins such as the AHR (365) are not discussed here.
Binding of HIF heterodimers to HREs in target genes
As in the case of the EPO gene described in section II, HIF-1 and HIF-2 bind to the sequence 5=-(A/G)CGTG-3= located within HREs of target genes to activate their transcription.
With the use of microarray gene chips, it is possible to identify hundreds of mRNAs whose expression is increased when human cell lines are exposed to hypoxia for 24 h. If one adds to this experiment the use of RNA interference technology, one can show that the vast majority of these changes in gene expression are HIF dependent. If one then adds a third new technology, whole-genome chromatin immunoprecipitation (ChIP) assays, it is possible to demonstrate the hypoxia-induced binding of HIF-1 to the same genes whose mRNA levels are increased in response to hypoxia. This so-called ChIP-chip experiment allows one to reliably identify the direct target genes of HIF-1 in any given cell type (232, 357) .
Remarkably, microarray assays have revealed that the levels of hundreds of other mRNAs are decreased in response to hypoxia, and although these changes in gene expression are also HIF-1 dependent, ChIP assays indicate that HIF-1 does not bind directly to the genes that are hypoxia-repressed (232) . There are at least three possible mechanisms by which HIF-1 may repress gene expression in hypoxic cells: 1) HIF-1 may bind to and transactivate a target gene encoding a transcriptional repressor. The repressor, once translated, will bind to its own target genes and repress their transcription. Since this transcriptional repression is dependent on HIF-1, the direct targets of the repressor may be considered indirect or secondary targets of HIF-1. Because transcription factors represent the largest single category of proteins encoded by HIF-1 target genes (211), the number of indirect targets may be considerable. 2) HIF-1 may bind to and transactivate a target gene encoding one or more miRs, which once transcribed and processed, would bind to their target mRNAs and promote their degradation. The expression of a large and growing number of miRs is induced by hypoxia through HIF-1 (58).
3) A few genes appear to be directly repressed by the binding of HIF-1 to a so-called "reverse HRE" containing the consensus sequence 5=-YGCAC-3= (139, 187, 221, 240).
Binding of HIF-1␣ to other transcription factors
HIF-1␣ can also regulate gene expression without binding to DNA at all. There are now several examples in which HIF-1␣ binds to other transcription factors and blocks the assembly of transactivation complexes (164, 165). In other cases, HIF-1␣ binds to transcription factors and enhances their transactivation function (106) . These effects of HIF-1␣ do not require the presence of HIF-1␤.
F. Positive and Negative Feedback Loops
In hypoxic cells, HIF-1 activates the transcription of hundreds of target genes. These target genes encode proteins (e.g., EPO and VEGF) that mediate adaptive responses to hypoxia (erythropoiesis and angiogenesis, respectively). However, these gene products may also modulate HIF-1 activity. The large number of known feedback loops, some of which are listed in TABLE 2, underscores the critical importance of precisely regulating O 2 delivery and utilization.
Many of these feedback loops are only active in certain cell types and thus provide a means to customize physiological responses to hypoxia.
Positive feedback (also known as a feed-forward mechanism) serves to amplify the response to hypoxia and is likely to be employed when rapid responses are required (FIGURE 7, top panel). Negative feedback, on the other hand, may provide a mechanism to prevent overshoot phenomena (FIGURE 7, middle panel). For example, after hemorrhage, EPO mRNA and protein levels increase to stimulate red blood cell production, but then decline, prior to any recovery of the red blood cell count, indicating a negative feedback loop in the EPO-producing cells that is independent of PO 2 . This negative feedback prevents excess erythrocytosis, which might result in stroke due to sludging of red blood cells in cerebral blood vessels. The gene product need not be a protein: a HIF-1␣ antisense mRNA is produced under hypoxic conditions and may downregulate the levels of HIF-1␣ protein (329) . The microRNA miR-20b inhibits HIF-1␣ expres- sion, whereas HIF-1 represses miR-20b expression, indicating a mutually antagonistic relationship (FIGURE 7, bottom panel).
An interesting feed-forward mechanism involves the selective stimulation of HIF-2␣ (but not HIF-1␣) transactivation domain function by the redox-regulated deacetylase SIRT1, which binds to HIF-2␣ and may catalyze deacetylation of one or more lysine residues (69) . SIRT1 transcription in hypoxic cells is activated by HIF-1 and HIF-2, with SIRT1 protein stimulating HIF-2-dependent SIRT1 gene transcription (47) . In cardiac myocytes, SIRT1 inhibits transcription of the EGLN1 gene (which encodes the prolyl hydroxylase PHD2), thereby reducing the degradation of HIF-1␣ and HIF-2␣ (274).
The molecular mechanism of feedback by proteins that are encoded by HIF-1 target genes can also vary. For example, the protein can bind directly to HIF-1␣, as in the case of PHD2, or to a HIF-1␣ regulator, as in the case of CITED2, which competes with HIF-1␣ for binding to the coactivator CBP (TABLE 2) . Alternatively, the protein may have a catalytic activity, and the reaction product may regulate HIF-1, as in the case of COX2 and NOS2, which produce prostaglandin E 2 and NO, respectively. The critical role of the feed-forward relationship between HIF-1 and NOX2, an NADPH oxidase that generates superoxide anions, in the cardiorespiratory pathology induced by chronic intermittent hypoxia will be discussed in detail in section X.
What is the significance of the many mechanisms (O 2 -dependent and O 2 -independent, feedback and feed-forward) for regulating HIF activity that have been described in section II? Multiple mechanisms provide a means for integration of various critical physiological stimuli, including O 2 , ROS, metabolites, cytokines, and growth factors, at the level of HIF activity. Second, multiple mechanisms provide flexibility: within any given cell, a particular stimulus-response pathway may be given priority over others. The take-home message: HIF signaling is not a linear pathway, but a complex web with perhaps hundreds of input stimuli and thousands of potential output responses, with each representing a different target gene.
III. CELL AUTONOMOUS METABOLIC RESPONSES TO HYPOXIA
HIF-1 is present in all metazoan species, even the simple roundworm C. elegans, in which O 2 diffuses from the environment to all cells and there are no specialized systems for O 2 delivery. The primordial function of HIF-1 appears to involve finding the optimal balance between oxidative and glycolytic metabolism for any given cell as a function of the local O 2 concentration. A key decision point for the metab- olism of glucose involves the fate of pyruvate, which can be converted by pyruvate dehydrogenase (PDH) into acetyl coenzyme A (AcCoA) and thereby serve as a substrate for oxidation via the TCA cycle; alternatively, lactate dehydrogenase A (LDHA) can convert pyruvate into lactate, the glycolytic end product that is exported from the cell (FIGURE 8). Under hypoxic conditions, HIF-1 activates the transcription of the genes encoding LDHA (298) and PDH kinase 1 (PDK1) (156, 249) , which phosphorylates the catalytic subunit of PDH and inactivates it. As a result, there is a shift from oxidative to glycolytic metabolism of pyruvate. To compensate for the greatly reduced efficiency of ATP generation associated with glycolytic rather than oxidative metabolism, HIF-1 also activates transcription of the genes encoding glucose transporters and glycolytic enzymes, thereby increasing flux through the pathway (135, 294) . In hypoxic cancer cells, transcription of the PKM2 gene encoding pyruvate kinase M2 is activated by HIF-1. In addition to its activity as a glycolytic enzyme, PKM2 binds to HIF-1␣ and stimulates its transactivation function, a feed-forward mechanism that promotes the switch from oxidative to glycolytic metabolism (205) .
It is commonly assumed that the switch from oxidative to glycolytic metabolism in cells exposed to 1% O 2 (7 mmHg) is because O 2 is a limiting substrate for cellular respiration (and thus for ATP synthesis) under these conditions. However, HIF-1␣ null [knockout (KO)] MEFs, which do not switch from oxidative to glycolytic metabolism under hypoxic conditions, have higher ATP levels at 1% O 2 than WT cells have at 20% O 2 (140 mmHg), indicating that 1% O 2 is not limiting for oxidative phosphorylation (378) . Instead, the activation of PDK1 expression by HIF-1 is required to maintain redox homeostasis. Under conditions of chronic hypoxia, WT MEFs reduce their levels of ROS, while in HIF-1␣-KO cells, ROS increase to levels that result in cell death (156) . Thus ATP generation can be maintained in MEFs under hypoxic conditions but at the cost of generating toxic levels of ROS.
Oxidation of fatty acids in the mitochondria also generates AcCoA to fuel oxidative metabolism, and this pathway is not affected by PDK1 or LDHA. Thus another strategy to prevent the generation of excess mitochondrial ROS in hypoxic cells is to reduce mitochondrial mass through autophagy. HIF-1 triggers selective mitochondrial autophagy through transcriptional activation of the gene encoding BNIP3, a mitochondrial protein that competes with Beclin 1 for binding to Bcl2, thereby freeing Beclin 1 to associate with phosphatidylinositol 3-kinase and trigger selective mitochondrial autophagy (378) . HIF-1␣-KO MEFs can be rescued from hypoxic cell death by forced expression of either PDK1 (156) or BNIP3 (378) . HIF-1-regulated BNIP3L expression also contributes to autophagy in many cell types (14) . tration is the discovery that HIF-1 orchestrates a subunit switch in the composition of cytochrome c oxidase (COX; complex IV of the electron transport chain) under hypoxic conditions (94) . The switch from utilization of the COX4-1 to the COX4 -2 subunit appears to fine-tune complex IV activity to optimize its efficiency under hypoxic conditions. Compared with the adaptive metabolic responses mediated by PDK1 and BNIP3, this is a more subtle response, suggesting that it may be activated first, thereby allowing oxidative phosphorylation to continue under conditions of mild hypoxia. The unicellular eukaryote Saccharomyces cerevisiae, which lacks HIF-1, also responds to hypoxia by switching COX subunits, but by a completely different mechanism (175) , suggesting that regulation of COX activity as a function of O 2 concentration is a requirement for all eukaryotic cells.
The complex regulation of oxidative and glycolytic metabolism by HIF-1 further underscores the importance of these adaptive responses for cell survival (FIGURE 8). In addition to the direct regulation of genes encoding PDK1, BNIP3, COX4 -2, and LON (a mitochondrial protease that is required for degradation of COX4 -1), HIF-1 also activates transcription of the gene encoding microRNA miR-210, which inhibits expression of the iron-sulfur cluster assembly proteins ISCU1/2, which are required for activity of the TCA cycle enzyme aconitase and electron transport chain (ETC) complex I (43).
Acute exposure of cells to hypoxia results in an increased rate of ROS generation by mitochondrial ETC complex III, which appears to contribute to the inhibition of PHD2 activity, thereby activating HIF-1 (29, 107, 212) , which in turn mediates adaptive responses that result in reduced mitochondrial ROS generation (156, 378) . As such, this represents a classical stimulus-response paradigm that links oxygen, energy, and redox homeostasis, the maintenance of which is essential for cell survival. However, it should be noted that other investigators have reported that inhibitors of any of the ETC complexes will inhibit the hypoxia-induced stabilization of HIF-1␣ and that they do so by reducing mitochondrial O 2 consumption, thereby facilitating prolyl hydroxylation (49, 73, 108) .
IV. PRECONDITIONING PHENOMENA
When tissue perfusion is interrupted, the ensuing ischemia will ultimately result in tissue death. For most organs, including heart, kidney, and liver, 30 min of ischemia followed by reperfusion is sufficient to cause cell death, whereas the critical ischemic period in the brain is only 5 min. Exposure of the heart to several repeated cycles of brief (5-min) episodes of ischemia followed by equally brief periods of reperfusion protects against myocardial infarction following a subsequent prolonged (30-min) episode of ischemia, a phenomenon known as ischemic preconditioning (237) . Preconditioning results in an acute (early) phase of protection immediately after the preconditioning stimulus that lasts for several hours and a delayed (late) phase starting 24 h after the preconditioning stimulus that lasts for several days (213) . Perfusion of the heart with hypoxic blood (308) or adenosine analogs (196) also induces protection. Exposure of rats to ambient hypoxia [3 wk at 10% O 2 (70 mmHg)] also protects the heart against ischemiareperfusion injury (324) .
Exposure of mice to alternating cycles of ambient hypoxia [6% O 2 (42 mmHg) for 6 min] and reoxygenation [21% O 2 (147 mmHg) for 6 min] for 1 h induced late-phase cardiac preconditioning, and this protective effect of hypoxia-reoxygenation was lost in Hif-1␣ ϩ/Ϫ mice, which are heterozygous for the HIF-1␣-KO allele (34) . In these mice, exposure to cycles of hypoxia and reoxygenation induced EPO expression in the kidney and its secretion into the bloodstream. EPO perfusion in Langendorff heart preparations resulted in acute protection against ischemia-reperfusion injury (35) . The HIF-1-dependent production in hypoxic/ischemic tissues of secreted survival factors such as EPO is likely to contribute to remote ischemic preconditioning, which refers to the observation that ischemia in one organ/tissue is protective against subsequent ischemia in a distant organ/tissue (155).
When Langendorff-perfused hearts from WT mice were exposed to two cycles of ischemia for 5 min and reperfusion for 5 min (i.e., I 5 R 5 I 5 R 5 ), they were acutely protected against myocardial injury when subsequently subjected to prolonged ischemia (30 min) and reperfusion. In contrast, exposure of hearts from Hif-1␣ ϩ/Ϫ mice to the I 5 R 5 I 5 R 5 has no protective effect (36) . However, infusion of adenosine induced protection of hearts from both WT and Hif-1␣ ϩ/Ϫ mice, indicating a specific defect in ischemic preconditioning (36) . Administration of small interfering RNAs that inhibited HIF-1␣ expression in the heart also eliminated ischemic preconditioning (76) .
Adenosine levels were found to be increased in the heart following ischemic preconditioning, and adenosine receptor antagonists blocked the protective effect of ischemic preconditioning, while administration of adenosine receptor agonists was sufficient to induce protection against myocardial injury following ischemia-reperfusion (328) . Ectonucleoside triphosphate diphosphohydrolase (ENTPD1 or CD39) metabolizes ATP to ADP and then to AMP and ecto-5=-nucleotidase (NT5E or CD73) metabolizes AMP to adenosine. CD73 expression is induced under hypoxic conditions as a result of HIF-1-dependent transcriptional activation of the Nt5e gene (321) . Mice with CD73 deficiency lack ischemic preconditioning (77), similar to Hif-1␣ ϩ/Ϫ mice, and Hif-1␣ ϩ/Ϫ hearts were protected against myocardial ischemia-reperfusion injury by adenosine perfusion (36) . Thus insufficient adenosine production, result-ing from deficiency of HIF-1 (or CD73), leads to the loss of preconditioning, which can be rescued pharmacologically by adenosine treatment. Although this model is consistent with the experimental data described above, it is likely that HIF-1 mediates additional protective responses to an ischemic preconditioning stimulus, including adaptive changes in cell metabolism such as those described above in section III. (172) . Sensory innervation of the carotid body comes from the glossopharyngeal nerve, whose cell bodies reside in the petrosal ganglion. Available evidence indicates that the type I cells are responsible for O 2 sensing and that they work in concert with the opposing afferent nerve ending as a sensory unit.
V. VENTILATORY ADAPTATION
HIF-1␣ and HIF-2␣ expression in the carotid body
Type I cells of the rat and mouse carotid bodies express HIF-1␣, as evidenced by colocalization with tyrosine hydroxylase, a marker of type I cells (159, 179, 283) , as do some type II cells (283) . HIF-1␣ expression is more abundant in fetal and neonatal carotid bodies, and its expression decreases during the postnatal period (283) , which may reflect the increased arterial PO 2 after birth. On the other hand, HIF-2␣ is expressed predominantly in type I cells (253, 283, 330) , and its expression exhibits little developmental variation (283).
Role of HIFs in O 2 sensing by the carotid body
Carotid bodies from Hif-1␣ ϩ/Ϫ mice exhibit remarkable impairment of the hypoxic response, and this defect is selective because the response to cyanide, a potent chemoreceptor stimulant, was unaffected in these mice (159) . Carotid body morphology of Hif-1␣ ϩ/Ϫ mice was comparable with WT mice, indicating that the impaired hypoxic sensitivity was not secondary to changes in carotid body structure. These findings demonstrate that even partial deficiency of HIF-1␣ profoundly impacts hypoxic sensing by the carotid body. The mechanism by which HIF-1 contributes to acute hypoxic sensing by the carotid body will be discussed below.
Chuvash polycythemia (CP) is an autosomal recessive human disorder in which the O 2 -dependent degradation of HIF-␣ subunits is impaired due to a missense mutation in VHL, resulting in elevated HIF activity at any given O 2 concentration. CP subjects exhibit augmented ventilatory and heart rate responses to acute hypoxia (313) . Given that chemosensory reflexes mediate autonomic responses to hypoxia, the heightened cardiorespiratory changes seen in CP patients may be due to elevated HIF activity in the carotid body. Thus studies on mice with loss of function and CP subjects with gain of function suggest that HIF-1␣ plays a critical role in carotid body responses to acute hypoxia.
A recent study examined the hypoxic response of the carotid body in Hif-2␣ ϩ/Ϫ mice (253). Like Hif-1␣ ϩ/Ϫ mice, carotid body morphology in Hif-2␣ ϩ/Ϫ mice was comparable to WT littermates. In striking contrast to Hif-1␣ ϩ/Ϫ mice, Hif-2␣ ϩ/Ϫ mice manifested heightened carotid body responses to hypoxia, whereas responses to hypercapnia or cyanide, which are potent carotid body stimulants, were comparable to WT littermates. These observations suggest that partial deficiency of HIF-2␣ leads to selective potentiation of the hypoxic response of the carotid body. Antioxidants prevented the exaggerated hypoxic sensitivity in Hif-2␣ ϩ/Ϫ mice. Carotid bodies from Hif-2␣ ϩ/Ϫ mice showed reduced levels of mRNAs encoding antioxidant enzymes and oxidative stress (253) , suggesting that heightened hypoxic sensitivity of the carotid body is due to oxidative stress.
Although HIF-2␣ shares several common features with HIF-1␣ including 48% amino acid sequence identity (79), Hif-1␣ ϩ/Ϫ and Hif-2␣ ϩ/Ϫ mice show striking differences in carotid body responses to hypoxia. HIF-1␣ deficiency results in hyposensitivity, whereas HIF-2␣ deficiency results in hypersensitivity of chemoreceptor responses to acute hypoxia. On the basis of these observations, it was proposed that HIF-2␣ plays an antagonistic rather than redundant role to that of HIF-1␣ in regulating O 2 sensing by the carotid body (253) .
The analysis of mice with targeted deletion of the gene encoding the HIF-1␣ asparaginyl hydroxylase FIH-1 (see sect. IIC2) revealed no discernable defects in erythropoiesis or angiogenesis, but the mice exhibited hypermetabolism and hyperventilation, which were attributed to enhanced carotid body sensitivity to hypoxia (380) . Only a subset of HIF target genes are sensitive to regulation by FIH-1 (61) , and it will be interesting to determine whether changes in the expression of specific target genes in the carotid body can be identified in mice deficient for FIH-1.
B. Carotid Body Response to Chronic Hypoxia
Continuous hypoxia such as that experienced during sojourns at high altitude leads to a series of physiological adaptations. Ventilatory acclimatization to hypoxia (VAH) represents one such adaptation (263) . VAH is characterized by a progressive increase in baseline ventilation and augmented ventilatory response to subsequent acute hypoxia (288, 341) . VAH is an important physiological adaptation because failure to hyperventilate at high altitude leads to severe hypoxemia. A large body of evidence suggests that carotid body stimulation and the ensuing chemosensory reflex are critical for evoking VAH (9, 19, 63, 266, 280, 340).
HIF-1 and ventilatory adaptation to continuous hypoxia
Ventilatory adaptation to chronic hypoxia was investigated in Hif-1␣ ϩ/Ϫ mice (159) . Following hypobaric hypoxia, WT mice exhibited augmented hypoxic ventilatory responses, which is a hallmark of ventilatory acclimatization. In striking contrast, Hif-1␣ ϩ/Ϫ mice displayed remarkable absence of ventilatory acclimatization and in fact showed reduced hypoxic ventilatory stimulation following chronic hypoxia. Similar loss of ventilatory acclimatization was also found in mice with targeted disruption of HIF-1␣ function in the brain stem neurons associated with reflex stimulation of breathing (262) . CP patients, who have increased HIF-1␣ levels, displayed increased baseline ventilation and markedly enhanced ventilatory responses to acute hypoxia (313) . Together these studies provide evidence that HIF-1 is a critical mediator of ventilatory adaptation to chronic hypoxia.
Chronic hypoxia and HIF-1␣ expression in the chemosensory reflex pathway
Chronic hypoxia increases HIF-1␣ levels in the nuclei and cytoplasm of glomus cells as well as endothelial cells of the carotid body (179, 283) . As short as 1 h of hypoxia is adequate to cause HIF-1␣ accumulation in glomus cells (6) , and the elevated HIF-1␣ levels persist even after weeks of hypoxia (95) . Hypoxia-induced HIF-1␣ expression is less pronounced in aged (24 mo old) compared with young (3 mo old) rats (66) , which is consistent with studies of limb ischemia in aged mice (23) . 86, 121, 229 ). Continuous hypoxia increases HIF-1 expression in the NTS, but not in the area prostrema, which is adjacent to it (252). These observations suggest that hypoxia selectively increases HIF-1 expression in neurons associated with the chemosensory reflex pathway.
Sensory information from the carotid body is integrated in neurons of the commissural nucleus of the nucleus tractus solitarius (NTS) (
HIF-1 target genes and ventilatory adaptation to chronic hypoxia
Chronic hypoxia alters the carotid body morphology, augments the sensory response to hypoxia, and affects the neurotransmitters/modulators in the chemosensory reflex pathway (19, 266) . Many HIF-1 target genes are implicated in chronic hypoxia-induced changes in morphology and physiology of the chemoreflex pathway, as discussed below.
A) VEGF. Chronic hypoxia leads to hypertrophy of the carotid body, neovascularization, and hyperplasia of glomus cells (65, 111, 147, 177, 258) . VEGF has been implicated in chronic hypoxia-induced changes in the morphology of the carotid body (147).
B) EPO. Circulating levels of Epo are elevated during chronic hypoxia. A recent study suggested that in addition to increasing O 2 delivery via erythropoiesis, Epo also stimulates the carotid body and reflex stimulation of breathing (314) . Studies on mice with targeted overexpression of Epo in the brain showed an enhancement of ventilatory acclimatization, which was attributed to altered catecholamine metabolism in brain stem neurons associated within the chemosensory reflex pathway (314).
C) ENDOTHELIN-1. Endothelin-1 (ET-1), a vasoactive peptide, is expressed at low levels in glomus cells of the carotid body, and chronic hypoxia markedly upregulates its expression (45) . HIF-1 also mediates increased ET-1 expression in response to hypoxia in other cell types (124) . Chronic hypoxiainduced sensitization of the hypoxic response and changes in carotid body morphology are blocked by ET A receptor antagonists (45, 46) . The hypoxic ventilatory response is blunted in mice with heterozygous deletion of the gene encoding pre-pro-ET-1 (174).
D) OTHER HIF-1 TARGET GENES. HIF-1 mediates transcriptional activation of the genes encoding heme oxygenase-1 (HO-1) (188), inducible nitric oxide synthase (iNOS) (226) , and angiotensin converting enzyme (ACE) (381) . Hypoxia-induced neuronal NOS (nNOS) transcription is also shown to be mediated by HIF-1 (346) . The expression of iNOS (366), nNOS (67) , and ACE (178) is elevated in the carotid bodies of animals exposed to chronic hypoxia. Chronic hypoxia also leads to increased expression of nNOS (268) and HO-1 in the nervous system (222) . However, the role of increased expression of these enzymes in ventilatory adaptation to chronic hypoxia has not been established.
Chronic hypoxia and HIF-2␣ expression in the chemosensory reflex pathway
Continuous hypoxia also increases HIF-2␣ accumulation primarily in glomus cells (179, 283) . Relatively little is known about the effects of chronic hypoxia on HIF-2␣ expression in the chemosensory reflex pathway and its role in ventilatory adaptation to chronic hypoxia.
HIFs and evolutionary adaptation in high-altitude populations
Tibetan and Andean populations have resided at high altitude for thousands of years and have adapted to their hypoxic environment differently. Tibetans have developed increased ventilatory capacity, whereas Andeans have higher hemoglobin concentrations than lowlanders (10). The Tibetans are believed to have a longer history at high altitude, and the absence of polycythemia, which is a risk factor for stroke and perinatal mortality, suggests that the Tibetans have adapted more effectively to life in low O 2 .
Independent studies from four different research groups reported a remarkable correlation between genetic variation involving HIF signaling pathways and physiological adaptation in Tibetan and Andean populations. A study by Bigham et al. (18) suggested that HIF-1 target genes play a role in high-altitude adaptations in Andeans. Simonson et al. (310) found a significant association of selected haplotypes at the EGLN1 and PPARA loci (which are HIF-1 target genes that encode prolyl hydroxylase PHD2 and peroxisome proliferator associated receptor-␣, respectively) with nonelevated hemoglobin phenotype that is unique to Tibetans. Genome-wide analysis of Tibetans by two independent groups revealed a high correlation between the presence of single-nucleotide polymorphisms at the EPAS1 locus (which encodes HIF-2␣) and nonelevated hemoglobin concentrations in this population (11, 367) . These studies on human populations, when taken together with the experimental models described above, provide compelling evidence that HIF signaling plays a major role in evolutionary and physiological adaptations to chronic hypoxia.
VI. NEONATAL ADAPTATION: ADRENAL MEDULLARY RESPONSES TO HYPOXIA
A. Adaptive Responses of Neonatal Adrenal Chromaffin Cells to Hypoxia
Neonates often experience umbilical cord compression and hypoxia during birth, which triggers a series of adaptive responses, including surfactant secretion and fluid absorption in the lungs, which are critical for facilitating air breathing (295) as well as increased glucose utilization by brain and stimulation of carbohydrate metabolism (176) .
These physiological adaptations critically depend on hypoxia-induced catecholamine secretion from chromaffin cells in the adrenal medulla. Like glomus cells of the carotid body, neonatal (but not adult) adrenal chromaffin cells are extremely sensitive to hypoxia and secrete catecholamines within seconds after the onset of reduced O 2 levels (25).
Nicotine use by pregnant mothers is correlated with higher incidence of premature delivery and sudden infant death syndrome, and these adverse effects were attributed in part to impaired hypoxia-evoked catecholamine secretion from adrenal chromaffin cells (55, 312) . Pups born to nicotinetreated pregnant rats exhibit selective impairment of adrenal chromaffin cell responses to hypoxia and a high mortality rate (32, 33) . Silencing HIF-2␣ function by short hairpin RNA completely prevented nicotine-induced loss of hypoxic sensitivity of adrenal chromaffin cells (32) . Although the underlying mechanisms have not been elucidated, these observations suggest that HIF-2␣ is required for nicotineinduced loss of neonatal chromaffin cell responses to hypoxia, which is of considerable clinical and physiological significance.
B. Chronic Hypoxia and Catecholamine Synthesis
Besides the sympathetic nervous system, adrenal medullary chromaffin cells are the major source of catecholamines in the peripheral nervous system. In response to stress, chromaffin cells secrete catecholamines, which in turn initiate a variety of physiological adaptations to overcome the stress, a phenomenon referred as the "fight-or-flight" response. Recent studies suggest that HIFs play critical roles in the regulation of catecholamine biosynthesis under basal as well as chronic hypoxic conditions.
Basal catecholamine synthesis
HIF-2␣ expression is relatively high in adrenal chromaffin cells, and HIF-2␣ knockout mice exhibit markedly decreased levels of noradrenaline (NA) with high mortality at midgestation, but supplementation with the NA precursor L-threo-3,4-dihydroxyphenylserine (DOPS) improves survival (330) . Loss of HIF-2␣ function in MAH cells (v-myc, adrenal-derived, HNK cell line derived from fetal sympathoadrenal progenitor cells) results in a dramatic reduction in NA levels associated with reduced expression of DOPA decarboxylase (DDC) and dopamine ␤-hydroxylase, which are key enzymes required for NA biosynthesis (26) . These studies suggest that HIF signaling regulates basal catecholamine synthesis in adrenal chromaffin cells. Mice with targeted deletion of prolyl hydroxylase PHD3 exhibit impaired adrenal medullary secretion and sympathoadrenal responses to stress as well as decreased blood pressure (20) . It was proposed that PHD3 and HIF-2␣ regulate development of the sympathoadrenal system. Taken together, these studies suggest that HIF signaling may impact on both developmental and physiological regulation of the sympathoadrenal system.
Chronic hypoxia and catecholamine synthesis
Chronic hypoxia upregulates phenylethanolamine N-methyltransferase (PNMT) gene expression in adrenal chromaffin cells (82) and in PC12 pheochromocytoma cells (323) . PNMT encodes the enzyme critical for synthesis of epinephrine. HIF-1 mediates hypoxia-induced PNMT expression in PC12 cells via upregulation of Egr-1 and Sp-1, and it was proposed that HIF-1␣ serves as an "on-off" switch for hypoxic regulation of epinephrine synthesis via PNMT (355).
Chronic hypoxia: metabolic changes and ion channel expression in chromaffin cells
Mammalian cellular adaptations to chronic hypoxia involve reprogramming of mitochondrial metabolism involving activation of genes encoding PDK1 and COX4 -2, which reduce ROS generation, as discussed in section III above. MAH cells subjected to chronic hypoxia exhibit increased PDK1 and COX4 -2 mRNA expression, whereas the expression of other COX subunits such as COX5a and COX15 were unchanged (25) .
Chronic hypoxia increases HIF-2␣ protein levels in MAH cells, and this response requires a functional mitochondrial ETC, with redistribution of cellular O 2 gradients rather than increased mitochondrial ROS generation being reported (27 
VII. SYSTEMIC VASCULAR RESPONSES TO TISSUE HYPOXIA-ISCHEMIA
A. Hypoxia Induces Angiogenic Growth Factor Expression
When cells do not receive adequate perfusion, local tissue hypoxia induces the accumulation of HIF-1␣ and HIF-2␣ protein, as described in section II. HIF-1 and HIF-2 activate the transcription of multiple genes encoding angiogenic growth factors and cytokines (FIGURE 9), including VEGF, angiopoietin (ANGPT) 1 and 2, placental growth factor (PLGF), platelet-derived growth factor B (PDGF-B), Epo, stromal-derived factor 1 (SDF-1), and stem cell factor (SCF) (23, 41, 70, 90, 153, 211, 234, 309) . Of these, HIF-1 has been shown to directly bind to HREs in the promoters of the genes encoding VEGF (90), SDF-1 (41), ANGPT2 (309) , and SCF (23) , whereas the molecular mechanisms by which HIF-1 regulates expression of ANGPT1, PDGF-B, and PLGF mRNA remain to be determined. ANGPT2 gene expression is also regulated by ETS-1 (309), expression of which is HIF-1-regulated (245) , indicating that ANGPT2 expression is both directly and indirectly regulated by HIF-1. Whereas VEGF gene transcription is activated when most cells are exposed to hypoxia, the other angiogenic factors are activated only in certain cell types. Expression of the ANGPT1 and ANGPT2 genes can be activated or repressed by hypoxia, depending on the cell type, and in each case the response is HIF-1 dependent (153).
Multiple vascular cell types, most notably endothelial cells, are targets for stimulation by an angiogenic growth factor such as VEGF because they express the cognate receptor (VEGFR1 or VEGFR2) (FIGURE 9). Many angiogenic factors, including PLGF, SDF1, and VEGF, also function as cytokines that recruit proangiogenic cells from distant sites such as the bone marrow (105, 146, 200) . In addition to the effects induced by ligand-receptor coupling, hypoxia has direct, cell-autonomous effects on endothelial cells that are mediated by HIF-1 (38, 194, 211, 326) and HIF-2 (311). Remarkably, several of the receptors for angiogenic factors are also regulated by HIF-1 in specific proangiogenic cell types, such as the expression of VEGFR1 in mesenchymal stem cells (246) . Thus HIF-1 functions as a master regulator of angiogenesis by activating the expression of multiple genes in hypoxic-ischemic cells that send out angiogenic signals as well as in the cells that respond to those signals. The result is an increase in the capillary density and tissue perfusion, an increase in tissue oxygenation, and elimination of the hypoxic stimulus.
B. Increased O 2 Consumption Stimulates Angiogenesis
An increase in tissue mass, resulting from hyperplasia (increase in cell number) and/or hypertrophy (increase in cell size), is usually associated with an increase in O 2 consumption. For example, individuals with systemic hypertension develop left ventricular hypertrophy in order for the heart to overcome the increased resistance to blood flow and maintain cardiac output. Relative to many other organs, the heart generates a greater fraction of its ATP from oxidative phosphorylation. Cardiac hypertrophy leads to decreased tissue oxygenation as a result of increased O 2 consumption. In a mouse model of pressure-induced left ventricular hypertrophy due to transaortic constriction, myocardial hypertrophy was associated with increased myocardial HIF-1␣ protein and VEGF mRNA levels (287) . HIF-1-dependent activation of the genes encoding VEGF and other angiogenic growth factors leads to increased angiogenesis, which is the sprouting of new capillaries from existing vessels. The increased O 2 delivery associated with perfusion through the new blood vessels compensates for the increased O 2 consumption, returning the heart tissue to a normoxic state (287) .
Hypoxia can also result if a constant number of cells increase their O 2 consumption. Chronic anemia induces increased cardiac output to compensate for reduced blood O 2 -carrying capacity, and the increased O 2 consumption associated with increased cardiac work also dramatically increases myocardial HIF-1␣ protein, VEGF mRNA and protein levels, and myocardial capillary density (215).
C. Occlusion of a Major Artery Stimulates Arteriogenesis
Stenosis of a major coronary or peripheral artery as a result of atherosclerosis leads to a reduction in blood flow distal to the occlusion. Whereas collateral blood vessels may be able to supply sufficient O 2 to the tissue under basal conditions, there is little reserve available to increase blood flow in response to increased O 2 consumption, resulting in tissue hypoxia/ischemia and onset of symptoms. Critical stenosis represents a degree of blood flow reduction that results in symptoms even at rest and will lead to tissue necrosis in the absence of treatment. The adaptive physiological response to arterial stenosis is to increase the luminal area of collateral blood vessels, a process referred to as collateralization or arteriogenesis (5). It is important to emphasize that, in contrast to angiogenesis, this process does not involve new blood vessel formation but rather denotes the remodeling of existing vessels to accommodate increased blood flow through an increase in luminal diameter.
Although hypoxia does not occur in the immediate region of the collateral remodeling, it does occur in the distal vascular bed where angiogenesis is also stimulated (195) . Expression of monocyte chemoattractant protein 1 is highly induced in ischemic calf muscle in mice subjected to femoral artery ligation (23) , yet it plays an important role in the recovery of perfusion by remodeling of collateral vessels present in the thigh (338, 342) . Angiogenic factors such as VEGF and PLGF also stimulate the remodeling of collateral blood vessels following arterial ligation (54, 261) . Since the restriction of blood flow through conduit vessels results in decreased perfusion in the downstream vascular bed, it is not surprising that signals from the ischemic tissue play critical roles in the remodeling of collateral vessels. In the standard experimental model of arterial stenosis involving unilateral ligation of the femoral artery, Hif-1␣ ϩ/Ϫ mice show impaired recovery of perfusion relative to wild-type littermates at all ages and suffer more severe ischemic tissue damage with aging, associated with impaired expression of HIF-1␣ protein and of mRNAs encoding the angiogenic factors ANGPT1, ANGPT2, PLGF, SCF, SDF1, and VEGF in the ischemic limb (23, 278) . Ischemiainduced mobilization of CD34 ϩ
VEGFR2
ϩ and Sca1 ϩ CXCR4 ϩ bone marrow-derived angiogenic cells is also impaired in Hif-1␣ ϩ/Ϫ mice, which is due at least in part to reduced expression in the ischemic muscle of VEGF and SDF-1, which are the ligands for VEGFR2 and CXCR4, respectively (23).
VIII. PULMONARY VASCULAR RESPONSES
TO ALVEOLAR HYPOXIA
A. Acute Response: Hypoxic Pulmonary Vasoconstriction
Arterioles in the systemic circulation dilate in response to hypoxia to increase tissue perfusion and O 2 delivery. In contrast, pulmonary arterioles constrict in response to hypoxia to shunt blood away from regions of the lung that are not ventilated, as in the case of pneumonia, in which a pulmonary lobule can be infiltrated with bacteria, leukocytes, and fluid that obliterate the alveolar air spaces. Thus matching of ventilation and perfusion is an adaptive mechanism to maximize gas exchange and blood oxygenation. However, in patients with chronic lung disease, hypoxia is widespread throughout the lungs, and the resulting hypoxic pulmonary vasoconstriction (HPV) further reduces O 2 uptake. In addition, increased pulmonary tone increases pulmonary vascular resistance, leading to right ventricular hypertrophy. Residence at high altitude also results in panalveolar hypoxia that can trigger pulmonary hypertension in susceptible individuals.
Although there is a general consensus that the response of PASMCs plays a critical role in HPV, the precise molecular mechanisms leading to PASMC depolarization and contraction have not been fully delineated (56) . The increase in PASMC intracellular calcium concentration ([Ca 2ϩ ] i ) that is induced by acute hypoxia appears to result from the release of Ca 2ϩ from the sarcoplasmic reticulum (71, 233) . Hypoxia inhibits opening of voltage-gated K ϩ channels K v 1.5 and K v 2.1 (3), which contributes to PASMC depolarization. Hypoxia also sensitizes PASMCs to increased [Ca 2ϩ ] i , an effect that is mediated by RhoA/Rho kinase signaling, which inhibits the dephosphorylation of myosin light chain, thereby promoting PASMC contraction (279). It is not known whether pulmonary arterial responses to acute hypoxia are dependent on HIF activity, as has been reported for the carotid body (159) , although the finding of increased HPV in individuals with CP (313) supports this hypothesis.
B. Chronic Response: Pulmonary Arterial Hypertension
Exposure to chronic hypoxia induces functional and structural changes in the endothelial cells, smooth muscle cells, and fibroblasts that make up the intima, media, and adventitia of pulmonary arterial vessels, respectively, and these changes lead to the development of pulmonary arterial hypertension (PAH) (235) . The specific vascular remodeling that is induced by hypoxia is complex and variable, based on species, sex, and age of the host as well as varying among vessels at different sites along the longitudinal axis of the pulmonary vascular tree (319).
Fibroblasts
When calves are subjected to chronic hypoxia, dramatic hypertrophy of the medial layer of the pulmonary arterioles occurs (91) . Medial hypertrophy is accompanied by expansion of the vasa vasorum, which is the system of blood vessels that perfuse the vessel wall itself (356) . Given the major role of HIFs in ischemic-induced vascularization that is described above in section VII and the major role of HIF-1 in pulmonary artery smooth muscle cells that is described below in section VIIIB3, it is likely that HIFs contribute to the expansion of vasa vasorum in pulmonary arterioles of calves subjected to chronic hypoxia, although it is difficult to obtain mechanistic data in a large animal model. Suprarenal aortic constriction in rats induced expansion in the adventitial vasa vasorum of the aorta that was temporally associated with activation of HIF-1 and VEGF signaling (173).
Smooth muscle cells
Exposure to acute hypoxia causes an increase in [Ca 2ϩ ] i that is reversible upon reoxygenation. In contrast, in PASMCs subjected to chronic hypoxia, [Ca 2ϩ ] i remains elevated even after return to normoxia, an effect that requires extracellular Ca 2ϩ (307) . This effect is mediated by storeoperated Ca 2ϩ channels, which are activated by depletion of intracellular Ca 2ϩ stores during chronic hypoxia, and Ca 2ϩ influx through these channels is responsible for the elevated baseline [Ca 2ϩ ] i in PASMCs isolated from rats subjected to chronic hypoxia (345) . These channels are composed of transient receptor potential (TRP) proteins, TRPC1 and TRPC6 mRNA and protein expression was increased in PASMCs from hypoxic rats or in PASMCs cultured under hypoxic conditions for 60 h, demonstrating that the response is cell autonomous (345) . TRPC1 and TRPC6 mRNA and protein levels were also increased in PASMCs from WT mice subjected to chronic hypoxia, whereas chronic hypoxia did not increase baseline [Ca 2ϩ ] i or TRPC1/TRPC6 expression in PASMCs of Hif-1␣ ϩ/Ϫ mice (306, 345) . Infection of PASMCs with AdCA5, which is an adenovirus encoding a constitutively active form of HIF-1␣, increased TRPC1 and TRPC6 expression under nonhypoxic conditions. Thus both gain-and loss-of-function studies implicate HIF-1 in the regulation of [Ca 2ϩ ] i .
In contrast to the increased TRPC1/TRPC6 expression, K v 1.5 and K v 2.1 mRNA and protein expression are de-NANDURI R. PRABHAKAR AND GREGG L. SEMENZA creased in PASMCs subjected to chronic hypoxia in vivo or ex vivo (276, 375) , and these changes in gene expression are also HIF-1␣ dependent (22, 350) . As discussed in section II above, HIF-1 is a transcriptional activator, and its repression of K v 1.5 and K v 2.1 appears to be an indirect/secondary effect of HIF-1-dependent induction of ET-1 expression. Whereas PASMCs from WT mice subjected to chronic hypoxia show inhibition of K ϩ currents and depolarization, these responses are absent in PASMCs from Hif-1␣ ϩ/Ϫ mice (306) . Thus, whereas the response to acute hypoxia (time scale: seconds) involves the inactivation of K v channels, the response to chronic hypoxia (time scale: days) involves a reduction in the steady-state levels of the channel proteins (FIGURE 10).
In addition to increased [Ca 2ϩ ] i , chronic hypoxia also results in increased intracellular pH (pH i ) in PASMCs, an effect that is due to HIF-1-dependent expression of the sodium-hydrogen exchanger NHE1 (305) . Increased [Ca 2ϩ ] i and pH i contribute to the activation of signal transduction pathways that promote PASMC hypertrophy and hyperplasia, which leads to the medial thickening of pulmonary arterioles that is a pathological hallmark of hypoxia-induced PAH. Exposure of WT but not Hif-1␣ ϩ/Ϫ mice to chronic hypoxia induces PASMC alkalinization and hypertrophy (305, 306) . On the basis of all of the HIF-1-dependent changes in PASMC physiology, which are described above and summarized in FIGURE 10, it is not surprising that the development of hypoxia-induced pulmonary arteriole muscularization, PAH, and right ventricular hypertrophy, which is observed when WT mice are exposed to 10% O 2 (70 mmHg) for 3 wk, is significantly impaired in Hif-1␣ ϩ/Ϫ mice (306, 370) .
The demonstration that mice partially deficient in HIF-1␣ expression are protected against the development of PAH suggests that pharmacological inhibition of HIF-1 may be of therapeutic benefit in this clinical context. This hypothesis was tested by the daily administration of digoxin, a cardiac glycoside that has been used to treat congestive heart failure and cardiac arrythmias for decades, which inhibits the synthesis of HIF-1␣ protein (379) . Treatment with digoxin attenuated the development of right ventricular hypertrophy and prevented the changes in pulmonary vascular [Ca 2ϩ ] i , pH i , remodeling, and pressure that occur in mice exposed to chronic hypoxia (1).
The role of HIF-1 in the pathogenesis of PAH is not restricted to hypoxia-induced PAH. The spontaneous development of PAH in fawn-hooded rats is associated with increased HIF-1␣ expression, HIF-dependent reductions in Kv currents and Kv1.5 expression, increased PDK1 expression, and a switch from oxidative to glycolytic metabolism in pulmonary artery smooth muscle cells (22) . These metabolic changes appear to play a critical role in the pathogenesis of PAH because treatment of animals with dichloroacetate, an inhibitor of PDK1, leads to regression of PAH (228) . A feed-forward mechanism (see sect. IIF) may be involved because the administration of dichloroacetate normalizes HIF-1␣ and K v 1.5 expression (22) . It should be noted in this regard that PDK1 blocks the conversion of pyruvate to AcCoA (see sect. III), and pyruvate has been shown to inhibit the prolyl hydroxylation and degradation of HIF-1␣ (201).
Endothelial cells
In the most severe form of PAH, endothelial cells undergo dysregulated proliferation to generate plexiform lesions that may totally occlude the vessel. Whereas endothelial cells normally express VEGFR2 and respond to VEGF produced by other cell types, the endothelial cells of plexiform lesions were found to express high levels of VEGF in association with high levels of HIF-1␣ and HIF-1␤, as determined by immunohistochemical analysis of lung biopsies from PAH patients, suggesting the activation of an autocrine signaling pathway similar to what is observed in tumor cells (335) . The molecular basis for the increased HIF-1 and VEGF signaling in the endothelial cells of plexiform lesions has not been determined. Remarkably, HIF-1-dependent reprogramming from oxidative to glycolytic metabolism also occurs in endothelial cells of patients with idiopathic (i.e., not hypoxia-induced) PAH 10 . HIF-1-dependent responses to hypoxia in pulmonary artery smooth muscle cells.
As described above for Hif-1␣ ϩ/Ϫ mice, Hif-2␣ ϩ/Ϫ mice also have attenuated development of hypoxia-induced PAH (30) . Pulmonary ET-1 and plasma catecholamine levels were elevated in chronically hypoxic WT, but not Hif-2␣ ϩ/Ϫ , mice. ET-1 induces changes in PASMCs, such as decreased K v channel expression (350) , Rho kinasemediated Ca 2ϩ sensitization (119) , and cell hypertrophy (64) . Furthermore, ET-1 receptor antagonists inhibit the development of hypoxia-induced PAH (247) . Surprisingly, however, mice with conditional knockout of HIF-2␣ in vascular endothelial cells (due to expression of Cre recombinase from the promoter of the VE-cadherin gene) developed spontaneous PAH under ambient room-air conditions, which was associated with increased permeability of lung blood vessels (311) . These results suggest the existence of complex and poorly understood functional interactions between HIF-1␣ and HIF-2␣ in pulmonary vascular endothelial and smooth muscle cells.
IX. ERYTHROPOIESIS
The major acute and chronic mechanisms by which mammals sense systemic hypoxia are via the carotid body, which triggers cardiovascular and respiratory responses (as described in section V), and via EPO-producing cells in the kidney and liver, which trigger augmented erythropoiesis that eventually increases the blood O 2 -carrying capacity. As described for the vascular response to hypoxia (see sect. VII), HIFs function as master regulators of erythropoiesis by controlling the expression not only of the genes encoding EPO (303) and its receptor EPOR (211, 368) , but also a battery of genes that regulate intestinal uptake, transport, and bone marrow utilization of iron, which is required for the synthesis of hemoglobin and its function as an O 2 carrier (FIGURE 11). Thus HIFs repress transcription of the gene encoding hepcidin (260) and activate transcription of the genes encoding transferrin (281), transferrin receptor (199, 322) , and divalent metal transporter 1 (217) . HIF-2␣ appears to play a key role in regulating erythropoiesis in adult mice (104, 293, 347) , although HIF-1␣ is also required for yolk sac erythropoiesis (368) , renal EPO production in response to acute hypoxic episodes (34) , and the development of polycythemia in response to chronic hypoxia (370).
X. MALADAPTIVE RESPONSES TO
INTERMITTENT HYPOXIA
A. Pathophysiology of Sleep-Disordered Breathing With Recurrent Apnea
Although various forms of intermittent hypoxia may be encountered in life (264) , the following section focuses on the effects of intermittent hypoxia in the context of recurrent apneas associated with sleep-disordered breathing, which is a major cause of morbidity and mortality affecting several million Americans. In this condition, transient repetitive cessation of breathing (i.e., apnea) lasting 10 -40 s results in periodic hypoxemia (decreased PO 2 in arterial blood). The frequency of apnea may exceed 60 episodes per hour in severely affected patients, and O 2 saturation of blood hemoglobin may be reduced to as low as 50%. Recurrent apnea patients are prone to develop systemic hypertension (241, 304, 315) and exhibit elevated sympathetic nerve activity, enhanced sympathetic nerve response to acute hypoxia, as well as elevated plasma and urinary catecholamines (4, 97, 151) .
Although recurrent apneas result in both chronic intermittent hypoxia (CIH) and chronic intermittent hypercapnia, exposure of rodents to ambient CIH alone was sufficient to induce cardiovascular changes similar to those seen in recurrent apnea patients (88). Rats and mice exposed to 10 days of CIH, consisting of alternating cycles of hypoxia [5% O 2 (35 mmHg) for 15 s] and normoxia [21% O 2 (147 mmHg) for 5 min], with 9 episodes/h for 8 h/day, exhibit elevated plasma catecholamines levels and increased mean blood pressure (171, 257) . The carotid bodies constitute the frontline defense system for detecting systemic hypoxia associated with apnea (53, 267) . CIH exerts two major effects on the chemoreceptor reflex pathway: 1) augmented carotid body response to acute hypoxia (256, 267, 277) and 2) long-lasting activation of the carotid body that persists for several hours after the termination of CIH, a phenomenon referred as sensory long-term facilitation (255) . Studies involving human subjects (239) and experimental animals (191) suggest that elevated sympathetic nerve activity in CIH is due to enhanced carotid body chemoreceptor activity. In addition to the sympathetic nervous system, increased catecholamine secretion from the adrenal medulla also contributes to elevated blood pressure and plasma catecholamine levels (8) . CIH selectively facilitates catecholamine secretion from the adrenal medulla in response to hypoxia (171, 316, 317) but not in response to hypercapnia (171) or other depolarizing stimuli (316) .
B. Oxidants Mediate Cardiovascular Pathology in Response to CIH
It was proposed that increased generation of ROS during hypoxia-reoxygenation mediates the pathological effects of CIH (264) . Indeed, ROS levels were elevated in the carotid body (255), adrenal medulla (171, 316) , and central nervous system (257, 273, 377) of rats and mice exposed to CIH. Recurrent apnea patients also exhibit elevated ROS levels (4). Remarkably, the effects of CIH on catecholamine secretion, blood pressure elevation, long-term facilitation of respiratory motor activity, and sensory long-term facilitation in the carotid body can all be blocked by concurrent treatment of animals with the superoxide scavenger MnTMPyP (171, 255, 257, 265, 334) . Obstructive sleep apnea patients exhibit impaired vasodilation, and antioxidant treatment restores the vascular responses (103) . These studies suggest that ROS play a critical role in mediating the cardiovascular pathology associated with CIH.
C. Role of HIF-1 and HIF-2 in Causing
Oxidative Stress in CIH
Intermittent hypoxia increases HIF-1 activity
The effect of CIH on rat PC12 adrenal pheochromocytoma cells has been modeled in an incubator chamber in which the O 2 concentration is rapidly decreased from 20% O 2 (140 mmHg) to 1.5% O 2 (10.5 mmHg) for 30 s followed by reoxygenation for 4 min at 20% O 2 . HIF-1␣ protein levels and HIF-1 transcriptional activity increased progressively as the number of cycles of hypoxia-reoxygenation increased from 10 to 30 to 60 to 120 (373) . Remarkably, CIH induced HIF-1 activity via multiple signal transduction pathways, which were all activated by an increase in ROS that was dependent on NADPH oxidase (Nox) activity (374) . HIF-1␣ protein levels were induced by protein kinase C (PKC)-dependent activation of mTOR, leading to increased translation of HIF-1␣ mRNA into protein (as described in sect. IIE) and PKC-dependent inhibition of prolyl hydroxylase activity, leading to decreased degradation of HIF-1␣ protein (374) . In addition, Ca 2ϩ /calmodulin kinase (CaMK) activity was induced by CIH in these cells, leading to phosphorylation of p300 and increased association with HIF-1␣, thereby stimulating HIF-1␣ transactivation function (373) . The induction of PKC and CaMK activity in cells exposed to CIH is dependent on the activation by ROS of phospholipase C-␥, which breaks down phosphatidylinositol 4,5-bisphosphate (PIP 2 ) to inositol 1,4,5-triphosphate (IP 3 ) and diacylglycerol (373, 374) . IP 3 receptor activation then leads to increased intracellular Ca 2ϩ levels, providing all of the necessary signals for activation of PKC and CaMK (FIGURE 12). In contrast to continous hypoxia, in which reoxygenation leads to a rapid decay (t 1/2 Ͻ5 min) in the levels of HIF-1␣ (343), HIF-1␣ levels remain persistently elevated (t 1/2 Ͼ90 min) following CIH, due to continued mTOR activity (374).
HIF-1 mediates CIH-induced Nox expression: a feed-forward mechanism
CIH increases Nox activity, which is a major cellular source of ROS (13) in the carotid body (254), adrenal medulla (317), and central nervous system (377) . Of the various Nox isoforms, Nox2 has been implicated in mediating the effects of CIH on carotid body function (254), catecholamine secretion from adrenal medulla (317) , and sleep behavior (377) . CIH upregulates Nox2 mRNA, protein, and enzyme activity in PC12 cells and WT MEFs, and these effects were abolished or attenuated by blocking HIF-1 activity through RNA interference, pharmacological inhibition (using digoxin or YC-1), or by genetic KO of HIF-1␣ in MEFs (372).
Nox2 mRNA and activity were also upregulated in the carotid body, brain stem, and cerebral cortex in WT but not in Hif-1␣ ϩ/Ϫ mice exposed to CIH (372) . Hif-1␣ ϩ/Ϫ mice exposed to CIH exhibit striking absence of oxidative stress and autonomic abnormalities that are observed in WT littermates including the absence of heightened carotid body activity, elevated plasma catecholamines, exaggerated hypoxic ventilatory response, and hypertension (257) . Recurrent apnea patients exhibit hypercholesterolemia and hypertriglyceridemia, and these responses were also observed in WT mice exposed to CIH for 5 days, whereas the development of hypertriglyceridemia was blunted in CIH-exposed Hif-1␣ ϩ/Ϫ mice (193) .
HYPOXIA-INDUCIBLE FACTORS AND OXYGEN HOMEOSTASIS
Interestingly, HIF-1 activation in response to CIH requires Nox2 expression (374) . In turn, HIF-1 mediates activation of Nox2 expression (372) . This feed-forward mechanism appears to play a critical role in generating the persistent oxidative stress associated with CIH. Moreover, the pro-oxidant role of HIF-1 in the maladaptive (pathological) setting of CIH stands in contrast to the antioxidant role of HIF-1 in the adaptive (physiological) response to continuous hypoxia, wherein HIF-1 mediates the expression of multiple pathways that modulate or decrease mitochondrial respiration and ROS generation as discussed in section III.
Intermittent hypoxia downregulates HIF-2␣ protein expression
In striking contrast to increased HIF-1␣ expression described above, CIH decreases HIF-2␣ protein expression in rat PC12 cells in a stimulus-dependent manner (238) . The effects of CIH were long lasting as evidenced by the delayed return of HIF-2␣ protein levels until 16 h after terminating CIH. Similar decreases in HIF-2␣ by CIH were also seen in carotid bodies and adrenal medullae from CIH-exposed rats (238) and in MAH cells (25) . Inhibitors of Ca 2ϩ -activated proteases (calpains) prevented the decline in HIF-2␣ protein levels in CIH-exposed PC12 cells, whereas inhibitors of prolyl hydroxylases or the proteasome were ineffective, suggesting that calpains specifically mediate HIF-2␣ degradation in response to CIH. Involvement of calpains was further supported by the finding that CIH caused persistent elevation of basal cytosolic Ca 2ϩ and increased calpain activity (238) . Thus Ca 2ϩ -dependent proteases mediate HIF-2␣ degradation, whereas Ca 2ϩ -dependent activation of phospholipase C-␥, PKC, and mTOR contribute ] i ) and subsequent activation of protein kinase C (PKC) and Ca 2ϩ /calmodulin-dependent protein kinase (CaMK). PKC inhibits PHD2 activity, leading to increased HIF-1␣ protein stability, and stimulates mammalian target of rapamycin (mTOR) activity, leading to increased HIF-1␣ protein synthesis. CaMK stimulates the binding of p300 to HIF-1␣, leading to increased HIF-1-dependent transcriptional activity.
to HIF-1␣ accumulation in response to CIH, indicating that ROS-dependent Ca 2ϩ signaling plays a critical role in causing HIF-1␣ and HIF-2␣ imbalance (FIGURE 13).
HIF-2␣ downregulation contributes to CIH-induced oxidative stress
Oxidative stress may arise due to increased generation of ROS by pro-oxidants, such as Nox2, or due to decreased activity of antioxidant enzymes, such as superoxide dismutase (SOD). HIF-2 is a potent transactivator of several genes encoding antioxidant enzymes, including copper/ zinc and manganese SOD (which are encoded by Sod1 and Sod2, respectively), catalase, and glutathione peroxidase 1 (292) . CIH-induced oxidative stress was associated with decreased Sod2 promoter activity and reduced SOD2 enzyme activity, and these effects were prevented by transfection of a HIF-2␣ expression vector into PC12 cells (238) . Systemic administration of a calpain inhibitor restored HIF-2␣ levels and SOD2 activity and prevented oxidative stress, hypertension, and elevated plasma catecholamine levels in CIH-exposed rats (238) . Hif-2␣ HIF-1 activates transcription of the gene encoding the pro-oxidant enzyme NOX-2, whereas decreased HIF-2 activity leads to decreased transcription of genes encoding antioxidant enzymes such as superoxide dismutase 2 (SOD-2). The imbalance between pro-oxidant and anti-oxidant enzymes results in oxidative stress and cardiorespiratory pathology. mice when maintained under normal room air conditions exhibit markedly reduced levels of mRNAs encoding SOD2, SOD1, and catalase in the carotid body and adrenal medulla; oxidative stress; augmented carotid body sensitivity to hypoxia; irregular breathing and apneas; hypertension; and elevated plasma norepinephrine levels, which is a phenotype that is remarkably similar to that observed in WT mice exposed to CIH (253) . These studies suggest that HIF-2␣ degradation contributes to CIH-induced oxidative stress via reduced levels of antioxidant enzymes. The consequences of the CIH-induced imbalance between HIF-1␣ and HIF-2␣ on redox status and cardiovascular function are summarized in FIGURE 13.
XI. SUMMARY AND PERSPECTIVE
The discovery of HIF-1 and subsequent identification of other members of the HIF family, notably HIF-2, has led to novel insights into the molecular basis of adaptive and maladaptive cellular and systemic responses to continuous and intermittent hypoxia. HIF-1␣ expression is conserved phylogenetically among metazoans from invertebrates to vertebrates, whereas HIF-2␣ appeared later in evolution in association with specialized systems of O 2 delivery. The induction of HIFs by hypoxia is mediated by posttranslational changes (i.e., O 2 -dependent hydroxylation of proline and asparagine residues by PHD2 and FIH-1, respectively), which allow a rapid initiation (and termination) of transcriptional responses to reduced O 2 availability. HIFs are also induced by other stimuli, including NO, ROS, growth factors, and cytokines. The repertoire of transcriptional responses to hypoxia mediated by HIFs is complex and involves an astounding variety of positive and negative feedback loops that operate in a context-dependent manner.
The cellular and molecular complexity of HIF signaling provides enormous plasticity in the response to hypoxia, which is manifest over evolutionary and developmental time scales and across varied anatomical and physiological landscapes, and represents the basis of O 2 homeostasis in all metazoan species.
While studies on cell culture models provided important insights into mechanisms of HIF activation by hypoxia, studies on experimental animals, as well as human subjects, have provided evidence for the role of HIFs in orchestrating (patho)physiological responses to acute and chronic hypoxia. Recent studies have provided compelling evidence in support of the surprising conclusion that HIFs are critical for carotid body responses to acute hypoxia. HIF-1␣ deficiency results in hyposensitivity, whereas HIF-2␣ deficiency induces hypersensitivity of the carotid body to hypoxia. The regulation of acute hypoxic sensing by HIFs has important physiological consequences. For instance, hyposensitivity to hypoxia impairs ventilatory acclimatization at high altitude, leading to more severe systemic hypoxia, which is similar to that seen in human subjects after carotid body resection (280) . On the other hand, hypersensitivity of the carotid body to hypoxia causes unwarranted reflex activation of the sympathetic nervous system, resulting in cardiorespiratory pathology including systemic hypertension. In neonates, acute hypoxia evokes catecholamine secretion from adrenal chromaffin cells, which triggers physiological responses that are critical for transition from uterine to extrauterine life. In adults, various forms of stress, including acute hypoxia, induce the release of catecholamines from the adrenal medulla. Evidence is emerging suggesting important roles for HIFs in catecholamine synthesis and secretion. Continuous hypoxia leads to a series of physiological adaptations that require activation of both HIF-1 and HIF-2, leading to altered expression of several hundred genes in any given cell. Some of the well-characterized HIF-mediated adaptations to continuous hypoxia include erythropoiesis and angiogenesis, which are critical for improved O 2 -carrying capacity and O 2 transport to tissues. Another important adaptive response is ventilatory acclimatization to continuous hypoxia, which involves components of the peripheral and central nervous systems. Studies on mice with loss of function and humans with gain of function suggest that HIF-1 plays a critical role in mediating VAH. Recent studies of Tibetan and Andean populations have provided intriguing evidence suggesting that natural selection acting on genetic variation at loci encoding components of the HIF/hydroxylase system represents the molecular basis of inherited physiological adaptations to high-altitude hypoxia.
The HIF-1-mediated cellular adaptations to continuous hypoxia are of considerable physiological significance. At the cellular level, continuous hypoxia leads to reprogramming of mitochondrial metabolism that ensures adequate ATP generation and prevents adverse consequences of excess mitochondrial ROS generation. These metabolic adaptations are critical for cellular homeostasis and are due to HIF-1-mediated transcriptional regulation of glycolytic enzymes, mitochondrial ETC components, and other metabolic enzymes.
Unlike the many physiological adaptations to continuous hypoxia, CIH associated with recurrent apneas leads to maladaptation and cardiorespiratory pathology due to persistent oxidative stress. Cell culture and rodent models revealed that CIH causes activation of HIF-1␣ and downregulation of HIF-2␣. The dysregulation of HIF-1 and HIF-2 contributes to further oxidative stress by increased HIF-1-dependent transcription of genes encoding pro-oxidant enzymes and decreased HIF-2-dependent transcription of genes encoding antioxidant enzymes. Taken together, these studies suggest that coordinated upregulation of HIF-1 and HIF-2 in response to continuous hypoxia mediates adaptive responses in the systemic circulation and maladaptive responses in the pulmonary circulation, whereas CIH triggers an imbalance between HIF-1 and HIF-2 activity that leads to oxidative stress, resulting in the maladaptive responses and cardiorespiratory pathology associated with CIH (FIGURE 14) . This pathological state may also provide insight into the fundamental challenge of life with O 2 , which is to maintain the balance between the benefits of O 2 in generating sufficient energy to sustain multitrillion-cell life forms and the dangers of O 2 in generating toxic radicals capable of triggering cell death. We call this balance "oxygen homeostasis," and it is the raison d'etre of the hypoxia-inducible factors. 
